Abstract-This paper reports the studies of the inversion layer mobilities in n-channel MOSFET's fabricated on Si wafers with three surface orientations ((loo), (110), and (111)) from the viewpoint of the universal relationship against the effective field, E,R(= q(A\-clpl + 11 . -Vh)/~Si). It is found that the universality does hold for the electron mobilities on (110) and ( l l l ) , when the value of 17 is taken to be 113, different ftom the electron mobility on (loo), where I ) is 1/2. Also, the E,ff dependence of the electron mobility is found to differ among (loo), (110), and (111) surfaces. This is attributed to the differences in the E v~ dependence of the mobility limited by surface roughness scattering among the orientations.
I. INTRODUCTION HE universal relationship for the effective field, E,R is

T quite useful for characterizing the inversion layer mobility in Si MOSFET's with various device parameters [1]-[8].
In fact, we have confirmed in the companion paper [8] that the universal relationship does hold for both the electron and hole mobilities on (100) surface up to the substrate impurity concentration of cmp3, except for at IOW surface carrier concentrations, where Coulomb scattering becomes dominant. However, there remain some unclear points regarding the universality, such as the origin of the universality, the physical meanings of E,ff(= q . (Ndpl + 7 . N , ) / E s~) , the parameter r] and the E,ff dependences of the universal curve.
In this paper the effect of the surface orientation on the universality is studied from the view point of changing the subband structure, in order to shed light on these problems. It has already been reported [4] , [5] that the value of 7 is different between electrons and holes on (100) surface. Also, the companion paper [8 J demonstrated in case of ( 100) surface that the E,R dependence of the electron mobility is different from that of the hole mobility. These facts suggest that electronic properties of a 2DEG such as subband structure can play an important role in the universality. While the surface orientation is known to change the subband structure [9]-[ 111, the universal relationship of the inversion layer mobility on surface orientation different from (100) has not been so far studied at all. In this paper the universality of the electron mobility on (1 10) and (1 11) surfaces are investigated. Based on these experimental results, the physical origins of E,B, 71, and E,R dependence of the universal curve the discussed in terms of scattering mechanism in the inversion layer.
EXPERIMENTAL RESULTS
A . Universal Relationship
N-channel MOSFET's used in this study were fabricated on (IOO), (1 10) and (1 11) Si wafers. The fabrication process of the MOSFET's, the device dimension and the measurement method were the same as those in the companion paper [8] . The current flow direction in the channel was parallel to (011) axis on the three surface orientations. In order to examine the universal relationship, it is necessary to find an appropriate value of q. As shown in the companion paper [8], the universal relationship for the electron and hole mobilities on (100) surface is obtained by taking the value of 71 to be 1/2 and 1/3, respectively. It is, however, still nuclear whether the universal relationship can hold or not for the electron mobilities on (1 10) and (1 1 1). Thus, the existence of the universal relationship is examined by regarding the value of 7 as a parameter and comparing the mobilities with the different substrate impurity concentration.
Figs. 1 and 2 show the relationship between E,K and the electron mobilities at 300 K on (1 10) and (1 1 l), respectively, as a parameter of substrate impurity concentration. Here, the value of 7 is taken to be 1/2 in Fig. I(a) and Fig. 2 (a) and 1/3 in Fig. l(b) and Fig. 2(b) . It is clearly observed that the universality on the (110) and (111) surfaces can be well maintained when q = 1/3 instead of 1/2 for the electron mobility on (100). Figs. 3 and 4 show the E e~ dependences of the electron mobility at 77 K on (110) and (111) when 7 = 1/3. It is found that TI should be also 1/3 at 77 K to obtain the universality.
The value of TI, which provides the universal relationship of the mobility, have been summarized in Table I . It should be noted that TI for the electron mobility is not necessarily 1/2 and is dependent on the surface orientation. The fact that rl is dependent on the surface orientation suggests that the subband structure can significantly affect 7. The relationship between 7 and the subband structure will be discussed in Section 111. Here, E c~ is defined by 4 . n = (1 . (-\-<1,,1 + rliV3)/:q, with 7) of (a) 1/2 and (b) 1/3.
B . Effective Field Dependence of Universal Curves on (100). (110), and (111)
The surface orientation dependence of the mobility has been mainly attributed to the difference in the effective mass to far In particular, the Eeff dependences on (1 10) and (1 1 1) in high E,R region at 77 K are observed to be rather weaker than that on (loo), as shown in Figs. 3 and 4, indicating that the mobility limited by surface roughness scattering, p,,, differs considerably among the three surface orientations.
Figs. 5 and 6 show the temperature dependences of the electron mobility on (110) and (1 11) surfaces from 77 K to 447 K, respectively. Here, is defined with ri of 1/3. It is found that the mobilities on (110) and (111) have almost no temperature dependence over the range of 77 K to 133 K. This fact confirms us that the difference in the E,ff dependences at 77 K between on ( I 10) and (1 11) is ascribed to the different influence of surface roughness scattering. With increasing temperature, on the other hand, the E,@ dependence of mobilities on (1 10) and ( 1 1 I ) are found to approach roughly surface in the range of 77 K to 447 K. Substrate acceptor concentration is 3.9 x l O I 5 cm-3. Here, Eetf is defined with 11 of 1/3. Open circles show the experimental data. The solid curves were calculated using (1) and (2) .
eff , as seen in that on (100). This demonstrates that the mobility limited by phonon scattering, p p h has the same E e~ dependence ( On the basis of the above experimental results, it was examined whether the experimental mobilities on (1 10) and (1 1 1) can be described by the combination of p p h and psr. p p h and psr can be simply modeled in the following equations, as in the companion paper [SI.
independent of surface orientations.
Here, a constant A was taken to be 1.7 x lo5 and 1.9 x lo5 for on (1 10) and (1 1 l), respectively, where p, E,E and T should be in cm/V.s, Vlm and kelvins. cy was taken to be 1.75 for both The psr for electrons on (loo), (1 lo), and (1 11) and for holes on (100) are plotted as a function of E e~ in Fig. 7 . psr on (100) was studied in the common paper [SI. It is seen that the E e~ dependence of pSr varies roughly from to E, >' dependent on surface orientation.
DISCUSSION
In the previous section, it has been concluded that the universal curves for electrons on (loo), (1 lo), and (1 1 1) come from the contribution of two scattering mechanisms, phonon scattering and the surface roughness scattering. Therefore, the physical meaning of E e~ and the E e~ dependence of the universal curves should be explained for these two mobility components, p p h and ,us,, separately. In this section, these points are discussed on the basis of the scattering theory in 2DEG.
A. Phonon Scattering
Under the assumption that carriers in the inversion layer are 2DEG and occupy only the lowest subband, the mobility determined by acoustic phonon scattering is described as follows [12], [13] . (4) Here, rric is the conductivity mass parallel to surface, m d is the density-of-state mass parallel to surface, D,, is the deformation potential energy for acoustic phonon, p is the density of Si, S I is the sound velocity in Si and ( (2) is the envelope function of two dimensional carriers. W in (5) is the effective width of the inversion layer and, thus, is dependent on the form of the wave function. Using the wave function of As for the temperature dependence of p p h , the experimental dependence is T-l.", which is stronger than that given theoretically by (4), T-l. This fact is attributable to the contribution of intervalley phonon scattering 1131, which is known to provide much stronger temperature dependence because of the higher energies of the relevant phonons. It should be noted here that the mobility limited by intervalley phonon scattering is also in proportion to W in (5) under the single subband occupation [ 131. Therefore, the interpretation for the universality, based on (4)-(6), still holds under the influence of intervalley phonon scattering.
B . Surface Roughness Scattering
The theoretical formulation for the relaxation time of surface roughness scattering, ~~~( k ) , has been given by Matsumoto and Uemura [15] . Under the assumption of single subband occupation, ~,~( k ) can be described by
As a result, the mobility given by (4) has the universality against &E(= q(lL;,1 + 7 . N 3 ) , / e~i ) with 7 of 11/32, and is in proportion to Ee&1f1/3 in the quantum limit. It should be noted that the term of (N+, + 77 . N s ) comes from W , the effective width of the inversion layer.
As shown in Table I , the experimental values in 7 for the electron mobility on (1 10) and (1 1 1) and the hole mobility on (100) and 1/3, which is almost the same as 11/32. Moreover, the experimental which is almost the same as that Thus, the universality of pp1, for electrons on ( 1 10) and ( 1 1 1) and holes on (100) can be understood by acoustic phonon scattering under the single subband occupation.
In contrast, the electron mobility on (100) has the universality with 7 = 1/2. This deviation of the TI from 11/32 may come from the fact that the electrons in the inversion layer on (100) occupy more subbands at room temperature, and so that the assumption of single subband occupation in (4) does not hold. The inversion layer on (100) has the two different ladders in the subband structure and, moreover, the density of state of the lowest subband is the smallest among the three orientations. These characteristics of the subband on (100) lead to the smaller carrier occupancy of the lower subband, which had already been confirmed by the self-consistent calculations [ 141. According to this calculation (Fig. 6 in [14] ), the fractions in the lowest subband on (100) at 300 K is approximately as low as 20% at LV,q of 1 x lo1' cm-', while those on (1 10) and (1 11) are 40 and 60%, respectively. Although the occupancy of the lowest subband becomes larger with an increase in N,, the amount of the occupancy on (100) keeps being the smallest. We think that the deviation of 11 from 1/3 on (100) surface can be attributed to the occupation of higher subbands on (100). On the other hand, the value of y on (100) is still -0.3, which is the same as ( I IO) and ( I 1 I) . This result suggests that the E e~ dependence of pPl, is little affected by the multi-subband occupation.
dependence of ,uph is roughly
Here, A(T) is the autocorrelation function of interface roughness and k is the wave vector of electrons in the inversion layer. It is generally assumed that A(T) is Gaussian type function, A2exp(-r2/L2), where A and L are the height and the correlation length of interface roughness, respectively. Then, (7) is In this formulation, E,, means the normal field averaged over the inversion layer. If we consider this E, . as the value of 71 is to be 1/2. Note that this coefficient in E, is strictly 1/2 even under the multi-subband occupation, according to the theoretical formulation [lo], [ 151. In the limit that the correlation length is much smaller than electron wave length ( L << k'), the mobility limited by surface roughness scattering, p,,, is simply represented as follows [ 151.
As a result, when we interpret Eay in (1 1) as E,s, psr should have the universality for E e~ with 77 of 1/2 and is proportional to E e 2 .
It has been obtained experimentally that pYr for electrons on (100) has 7 of 1/2 and is in proportion to E;: ', as shown in Fig. 7 . Therefore, p,, on (100) can be understood by (1 I), although the experimental E,E dependence is somewhat stronger. However, the experimental i~~~ for electrons on (1 IO) and (111) and for holes on (110) cannot be explained by (1 l), because the experimental value of 71 is 1/3 and the E,tf dependence (Ee; -E;; O) is rather weaker than in (1 1).
This weaker Eetf dependence cannot be explained by changing A and L within the framework of ( l l ) , though it has been reported [ 161 that the values of A and L estimated from psr are dependent on surface orientations.
On the other hand, if L is not sufficiently small, psr cannot be described only by Eetf with 71 of 1/2 but deviates from the dependence of E, ;' . because the integral term in (10) has the N , dependence. Therefore, in order to correctly examine whether the formulation of (10) can explain the experimental results on (110) and (11 I ) or not, the theoretical mobility including the effect of the integral term should be compared with the experimental data. Since (10) is, to our knowledge, the only one formulation for surface roughness scattering and commonly used in the analysis of psr [lo], [13] , [16] -[181, it is quite important to clarify the applicability of (lo).
The calculated N , dependence and temperature dependence of pSr on (1 1 1) are shown in Figs. 8 and 9 . p,, was calculated by integrating T~~ ( k ) given by (1 0) over Fermi-Dirac distribution with respect to electron energy of a 2DEG. Here, the substrate impurity concentration was taken to be as low as loi5 cm-3 and, thus, the N , dependence is the same as E,R dependence. It is found in Fig. 8 that, with an increase in L, the N , dependence becomes weaker than N,-', suggesting that the experimental weaker E e~ dependence is explainable by taking the value of L to be more than 30 A. This result comes from the fact that electrons with wave lengths shorter than L are scattered less frequently. However, as shown in Fig. 9 , the temperature dependence of the calculated psr with larger L is not in agreement with that of the experimental /Asr. ,uSr with larger L is found to increase with an increase in temperature significantly. This is because with increasing temperature the averaged wave length of electrons decreases under the FermiDirac statistics, and, as a consequence, the scattering rate becomes lower. The above results demonstrate that, even if the value of L changes, it is difficult to consistently explain both the experimental E,E dependence and the temperature dependence within the framework of (10). The theoretical formulation of ( 10) has been so far successful to describe psr [ 161-[ 181. However, the finding in this study that this formula is not necessarily applicable to pSr on (1 10) and (1 1 1) demands the refinement and reexamination of this formulation.
IV. CONCLUSION
The inversion layer electron mobilities on the different surface orientations, (loo), (1 lo), and (1 11) surfaces, have been studied from the viewpoint of the universal relationship. It has been found for the first time that the mobilities on (1 10) and (1 11) have also the universal relationship against the E,R and that the value of in the E e~ is dependent on surface orientation. The value of 71 is 1/3 for the electron mobilities on (1 10) and (1 I l), instead of 1/2 on (100). This result has been qualitatively explained by considering the difference of the subband occupancy for these surface orientations. It has been found that pPtl has the same E e~ dependence, eff , among the three orientations. On the other hand, the E-0." Eeff dependence of psr is different significantly among the three orientations and becomes weaker in the order of (loo), (1 lo), and (1 1 1). While the theoretical formulation of surface roughness scattering, used currently, explains the behavior of psr on (loo), it has been found that it fails to describe psr on ( 1 10) and (1 1 1), with any choice of the roughness parameters, L and A, demanding the further refinement of the theoretical formulation.
